Since the first report in 1981, more than 67 million persons have been infected with HIV, and more than 27 million have died of AIDS [1, 2] . More than 40% of new infections worldwide occur among adults in the age range of 15-24 years [3] . In fact, AIDS is now the leading cause of premature death among people 15 to 59 years of age. HIV/AIDS remains both a medical and economic challenge in developing countries especially in Sub-Saharan Africa [4] . Unfortunately, after nearly 30 years of research there are still three compelling facts driving the development of new anti-AIDS drugs and delivery systems: i) there is a lack of an effective vaccine or prophylactic agent that would provide protection for the foreseeable future, ii) there is a constant need for both less expensive and more tolerable drug therapies, and iii) the development of resistant viral strains in treatment-experienced patients continue [5] . The late Dr. Paul Janssen described four ideal characteristics of a novel anti-HIV drug. The drug must possess: i) high antiviral activity against both wild-type and mutant virus, thus a drug must be effective despite the genetic flexibility of the virus and it must anticipate resistant strains that may develop once therapy is initiated, ii) high oral bioavailability and a long elimination half-life to allow for once daily dosing, which is considered the gold standard of any therapy, iii) have minimal adverse effects, which will ultimately impact patient compliance, and iv) be easy to synthesize and formulate into dosage forms, which ultimately impact the cost of the drug for both the manufacturer and the patient [6] . However, the development of drugs that meet these criteria is an arduous task. Those drugs that fall short of any of the criterion could benefit from drug delivery strategies, specifically conjugate and prodrug design to improve upon less desirable drug characteristics.
Current anti-HIV drugs include the twenty-four approved agents listed in Table I . These drugs are prescribed as part of a multiple drug regimen known as highly active antiretroviral therapy (HAART). Even though current anti-HIV drugs are effective in suppressing viral titers in infected individuals, a cure for HIV infection remains elusive. This is due to several reasons that include poor pharmacokinetics, frequent adverse drug reactions, and the lack of patient adherence to complicated drug administration regimens. Treatment compliance is critical regardless of whether a patient is treatment-naïve or treatment-experienced since poor patient compliance is often a factor in treatment failure and viral rebound. Unfortunately, once first-line drugs fail, second-line drugs are not very effective since they have less than ideal dosing parameters, which can further burden the patient [5, 7] .
Recently anti-AIDS therapeutic development efforts have been focusing on improving drug delivery and not just on discovering new chemical entities. Initial efforts using traditional prodrug strategies have had some success resulting in two new important prodrugs, fosamprenavir and tenofovir disoproxil fumarate. These prodrugs demonstrated improved intestinal absorption by increasing water solubility and lipophilicity for fosamprenavir and tenofovir disoproxil fumarate, respectively, resulting in improved clinical efficacy over other HAART drugs [8, 9] . However, traditional prodrugs still face the same challenges as conventional anti-AIDS drugs once the prodrug is absorbed in the intestine (i.e. they are rapidly eliminated or have limited tissue distribution). Efforts to prolong the elimination half-life of anti-AIDS drugs (e.g. by PEGylation) are not expected to be successful in AIDS therapy due to the limited biodistribution of macromolecules to sanctuary sites where infected cells such as macrophages reside (e.g. the brain or lymph). Therefore, novel drug delivery concepts will be required in order to eradicate HIV infection.
In the following review, a brief overview of the molecular and cellular targets that have been identified as points of drug intervention to curtail HIV infection is presented. Prodrug strategies as well as a detailed treatment of two clinically successful prodrug examples (fosamprenavir and tenofovir disoproxil fumarate) are also described. Finally, a detailed discussion of the challenges facing targeted drug delivery for eradicating HIV infection is presented.
I. BACKGROUND
Viral life cycle and potential cell surface targets for drug delivery
HIV is a retrovirus, whose mechanism of action involves directly integrating viral DNA into the host cells' DNA by means of several Figure 1 -HIV life cycle. The viral stages include surface adsorption, binding to the cell surface receptors (CD4 and a chemokine coreceptor), fusion of the viral envelope to the cell membrane, capsid uncoating, reverse transcription, nuclear translocation of viral cDNA and integrase, integration of the viral cDNA into the host genome, transcription, translation, protease mediated cleavage, and viral assembly and budding (redrawn from [10] and [15] ).
critical steps, upon which it is replicated to produce a new progeny of virus particles ( Figure 1) . HIV adsorption to the cell surface is the first step of infection. This process hinges on the interaction of the negatively charged heparan sulfate molecules on the cell surface with the positively charged viral glycoprotein (gp120) [10] . Once HIV adsorbs to the cell surface, it then binds to the CD4 receptor and a coreceptor, either CXCR4 or CCR5 via gp120 [10] . This interaction stabilizes the virus to the cell surface so that viral-cellular fusion may take place in the subsequent stages of the life cycle. Whether the virus interacts with CXCR4 or CCR5 of CD4 + cells depends upon the protein sequence of the V3 loop of gp120. Therefore, HIV is characterized as X4 tropic, R5 tropic, or dual tropic (X4R5) corresponding to the coreceptor(s) to which it binds [11] . CXCR4 and CCR5 belong to the class of receptors known as chemokine receptors. The chemokine receptors are members of the G protein coupled receptor super family, whose diverse physiological roles include host defense by chemotaxis to sites of inflammation, tumor genesis and metastasis, and embryologic development (for a review see [12] ). The endogenous ligands for the chemokine receptors that act as HIV coreceptors are stromal-cellderived factor 1 (SDF-1) for CXCR4 and regulated upon activation, normal T-cell expressed and secreted (RANTES) and macrophage inflammatory proteins 1 (MIP-1 ) and 1 (MIP-1 ) for CCR5 [10, 13] . All of these ligands have been shown to possess, to some extent, anti-HIV activity in vitro [13, 14] .
Following the binding of the virus to CD4 and its coreceptor, a conformational change occurs that allows gp41 to insert itself into the plasma membrane of the cell and begins the process of fusing the viral particle's envelope to the cell [15] . Upon fusion of the viral envelope with the cell membrane, the virus undergoes a process consisting of uncoating its contents within the capsid matrix into the cytosol of the infected cell. These contents include the viral RNA and the viral proteins reverse transcriptase (RT) and integrase. Reverse transcriptase converts the viral RNA into viral cDNA by utilizing the viral RNA as a template for incorporating endogenous nucleotides to elongate the cDNA [10, 16] . After reverse transcription in the cytosol, viral cDNA translocates to the nucleus and is incorporated into the host genome, this process is done by the viral protein integrase. Within each viral particle approximately 40-100 copies of integrase are released into the host cell upon viral fusion and uncoating (for a review see [17] ). Viral DNA integration is a critical step in the viral life cycle, because after integration infected cells may be able to enter a period of latency, a phenomenon that will be discussed later.
New copies of viral RNA are produced as a result of host genome transcription. The proteins necessary for the assembly of virus progeny are produced in the cytosol via the translation process. This produces the Gag-Pol protein, a precursor to the other viral proteins. Gag-Pol is self-cleaved upon the folding and dimerization of the protease domain to form the active site of viral protease, thus liberating the enzyme from the Gag-Pol protein [18] . HIV protease is an aspartic-protease whose subsequent enzymatic activity upon the Gag and Gag-Pol proteins forms the components necessary for viral assembly including the structural capsid proteins and functional proteins reverse transcriptase and integrase [16, 18] .
Eradication of HIV: target cells for therapeutic intervention
HIV infects cells that express CD4 and one of the coreceptors (i.e. CXCR4, CCR5). However these cell types, macrophages, CD4 + T-cells, and follicular dendritic cells (FDCs) occupy physiological spaces that are difficult to penetrate with drugs. Furthermore, cells that are infected can enter varying stages of latency aiding in viral persistence. Latency of the virus occurs when the viral DNA has been integrated into the host genome, but no active transcription occurs [19] . This presents a difficult challenge to eradicating HIV infection since the virus can remain dormant in cells with extended life-cycles and dormant virus cannot be killed by nearly any of currently used drugs. CD4 + T-cells have been identified as the major contributing cell type in viral replication. Nearly 99% of all viral replication occurs in activated and productively infected CD4 + T-cells of the blood and lymphoid tissues [19] . HIV has been shown to infect several subsets of T-cells, including Th-17 cells, which secrete IL-17. Th-17 cells exist constitutively in the lamina propria of the gut and are responsible for host defense against bacterial infections in the gut [20] . The vast majority of these cells become rapidly depleted during the initial infection, leaving the gut vulnerable to bacterial infections, which results in increased activation of additional T-cells that may further assist in exposing an increased population of susceptible cells to HIV [21] . Other subsets of CD4 + T-cells are responsible for viral latency in vivo, including resting memory (CD45RO) T-cells and resting naïve (CD45RA) T-cells [19] . Macrophages and cells derived from that lineage are the other major cellular target of HIV. These cell types have longer cellular turnover (approximately 2 weeks), which contributes to the persistence of HIV. Macrophages are harbored in various organs colonizing the bone marrow, liver, thymus, spleen, lymph nodes, gut, mucosal associated lymphoid tissue, brain, lungs, and kidney. They have been implicated in carrying HIV across the blood brain barrier and establishing and maintaining HIV infection in the central nervous system (CNS) [22] . Because of their distribution to numerous organ systems, macrophages are pharmacologically difficult to reach [23, 24] . Macrophages, unlike T-cells have the ability to continually produce HIV particles with little threat of cell lysis due to viral production. Therefore, they are believed to be responsible for the secondary phase of viral decay in HAART patients and are generally believed to be an important HIV sanctuary [24, 25] . Although macrophages are not responsible for the majority of the viral production in vivo, the proportion of infected macrophages within tissues can reach up to 50% depending on the tissue in which they reside. Their physiological proximity to the other cell types involved in HIV infection compound their importance in viral infection (for a review see [26] ). For these reasons macrophages play a critical role in HIV persistence.
FDCs are unable to produce HIV particles through replication, however they play a significant role in viral storage in vivo. FDCs have the ability to pool HIV and protect it from immune defenses. FDCs are able to preserve HIV infectivity even in the presence of antibodies produced by the host to neutralize the virus [27] . Also FDCs contribute to the expansion of HIV infection by migrating toward T-cells and presenting those cells with the viral particles [27] . Therefore, FDCs are a unique cellular target that has yet to be addressed by HAART approved drugs.
A model of the effect of HAART on HIV load decay in patients revealed that decreasing viral load occurs in three distinct phases: i) a rapid exponential decrease in viral load upon initiation of pharmacotherapy resulting in viral half lives of less than 6 h and virus producing cells' half lives of approximately one day, ii) after several weeks of therapy, a decrease in the viral decay occurs with a half life of approximately two weeks, which corresponds to the slower turnover of specific cell populations such as macrophages, and iii) the final phase includes the time from non-detectable plasma levels to the elimination of virus in latently infected cells. This phase has a dramatically slower decay rate of virus of approximately 44 months, which if the population of the latently infected cells were 1.0 × 10 5 cells would result in viral eradication after sixty years of therapy. This reflects the inefficiency of the available pharmacotherapy in addressing viral latency and persistence in CD4 + T-cells [28] .
Physiological barriers
If the ability to generate drug concentrations within the specific cell types did not present a great enough challenge, many physiological barriers stand in the way of drug accumulation within both latently and actively infected cells. The lymphoid tissues, brain, and testes act as HIV reservoirs or sanctuary sites since most of these drugs do not persist in these tissues at effective concentration for adequate periods of time. Each of these physiological locations poses a unique hurdle in the delivery of effective drug concentrations.
Lymphoid tissues such as the peripheral secondary lymphoid organs, the spleen, lymph nodes, and gut-associated lymphoid tissue (GALT) are the primary sites of HIV infection [24] . It is estimated that only 2% of lymphocytes are in the general circulation at any one time and the remainder are distributed among the lymphoid tissues [24] . Often the lymphoid tissues have a greater extent of infection than the peripheral blood and specifically the GALT is home to large numbers of activated T-cells, which propagate the infection [24] . For example, a few weeks after the initial infection with simian immunodeficiency virus (SIV) (a model of HIV), there is a dramatic increase in infected CD4
+ T-cells in the GALT, spleen, and lymph nodes before the virus has even reached the CNS or other accessory sites of infection [23] . Also the primary lymphoid tissues, bone marrow and thymus, are said to be reservoir sites, however the extent of T-cell infection for these sites remains unknown [24] . Despite the uncertainty of the pervasiveness of the infection, the lymphoid tissue reservoir develops quickly and persists throughout the course of infection and remains the primary site of HIV production regardless of the effectiveness of HAART to diminish viral RNA levels to undetectable levels [23] .
The blood-brain barrier (BBB) remains one of the most difficult physiological sites to penetrate with pharmacological agents. The barrier itself consists of brain capillary endothelial cells that are densely packed via tight junctions that prevent both endogenous substances and xenobiotics from penetrating the brain and CNS [29] . For HIV specifically, the microglial cells of the CNS are one of the main sanctuary sites of the virus, however very few antiviral drugs have the ability to enter the brain particularly AZT, 3TC, and the protease inhibitors [30, 31] . HIV infection within the CNS has led to the development of HIV associated dementia and other neurological disorders. Therefore, HIV in the brain remains unaffected by drugs that are otherwise effective at suppressing the viral replication in the rest of the body.
Besides the lack of direct penetration of drugs as a result of their charge or lipophilicity (permeability), drugs are also subjected to efflux by drug transporters like P-glycoprotein (Pgp, ABC1), that are expressed by astrocytes at the BBB [29] . Several HIV drugs have been shown to act as substrates for these efflux transporters including the protease inhibitors, ritonavir and SQV, as well as the NRTIs like AZT [29, 32] . A few methods for improving BBB include the modulation of the efflux transporters and/or utilizing drug delivery vehicles that may be conjugated to a ligand that can facilitate BBB penetration [29] . Glucose is one example of an endogenous substance that undergoes carrier-mediated transport across the BBB, whereas peptides like insulin and transferrin pass the BBB via receptor mediated transport [29] . However, in order for conjugation to become successful, a specific BBB receptor must be identified and manipulated for the translocation of a drug into the CNS. Another possibility is to utilize a cell-penetrating peptide (CPP) also known as protein transduction domains to cross the BBB [29] . This class of peptides has been shown to have the ability to act as carrier proteins for drug cargoes and remains a topic of great interest (for reviews see [33, 34] ).
Other sanctuary sites include the testes of HIV infected patients. This tissue barrier limits the penetration of drugs due to its reduced vascularization. Replication-competent virus has been found in the seminal cells of men who have been receiving antiviral therapy [19] . The Sertoli cells of the testes form tight junctions with each other creating a physical barrier known as the blood-testis barrier (BTB). The presence of Pgp transporters at the BTB makes it in some ways similar to that of the BBB. The BTB also is home to HIV susceptible immune cells namely macrophages and CD4 + T-cells. Drug penetration into the testes is drug dependent, d4T shows poor penetration, whereas AZT and 3TC show efficient accumulation in the seminal plasma [35] . However, the protease inhibitors and NNRTIs concentrations are generally lower in the seminal plasma compared to blood plasma [35] . Despite the variable penetration of HAART into the BTB, it is important to note that the male reproductive organ is a route of viral transmission between individuals, so elimination of the virus from this sanctuary site is not only beneficial for the infected individual, but for susceptible individuals as well [35] .
II. PRODRUG AND CONJUGATE STRATEGIES
There is incredible potential for improving anti-HIV therapy not only by increasing the potency of antiviral drugs, but also by reducing the burden of the dosing regimen. This can be achieved by modifying the physicochemical, biopharmaceutic, and pharmacokinetic properties of drugs through the development of prodrugs. Traditional prodrugs, which only include about 5-7% of marketed drugs, are classified as drugs that are activated by undergoing transformation in vivo to form the active drug [8] . Reasons for prodrug development are poor aqueous solubility, chemical instability, low oral bioavailability, lack of BBB penetration, and high first pass metabolism associated with the parent drug [8] . There has been limited prodrug development in HIV HAART despite the fact that most of the antiviral drugs developed thus far suffer from one or more of the above-mentioned limitations. Currently, only two traditional prodrugs have been developed in HIV therapy, fosamprenavir and tenofovir disoproxil fumarate. Although the NTRIs, like AZT, are metabolized intracellularly to their active phosphorylated forms, they are often regarded as active metabolites as opposed to prodrugs that are catabolized enzymatically to their active parent drug in classical prodrugs. Both fosamprenavir and tenofovir disoproxil fumarate improve the drug delivery capabilities of their parent drug by increasing intestinal absorption. A more recent trend in prodrug design has extended the prodrug platform to encompass drug delivery systems with targeting agents and releasable drugs (for a review on prodrug design strategies see [8] ).
Improved therapy can be achieved using conjugation chemistry approaches for developing multicomponent and multifunctional drug delivery systems. These systems can incorporate either active or passive targeting moieties to improve distribution to the sanctuary sites in the body, for example to the lymphatics, where the majority of the viral replication and infection exists. Targeted drug delivery to macrophages and T-cells would not only improve the efficacy of antiviral drugs, but would potentially also limit the development of toxicities/adverse effects often associated with the presence of drugs in non-infected cells. Another potential auxiliary benefit of targeted drug delivery is the reduction of HIV resistance by increasing uptake into HIV infected cells. Along the same line of thinking, by accumulating drug into either those cells latently infected or not yet infected, the drug can be within the cell and interfere with early viral life cycle stages upon infection or disrupt virus replication when transitioning from a latent to active state.
Prodrugs

Fosamprenavir
Fosamprenavir (Figure 2 ) is a water-soluble, phosphate ester prodrug of the protease inhibitor drug amprenavir [36] [37] [38] . The FDA approved it for the treatment of HIV-1 protease inhibitor-naive patients in 2003 and the EMEA approved it in 2004. The drug is formulated either as a suspension or as a tablet in a dosing regimen of fosamprenavir 1400 mg twice a day or fosamprenavir 700 mg twice a day plus ritonavir 100 mg twice a day for treatment-experienced patients [37, 38] .
Amprenavir, the active metabolite of fosamprenavir, is a protease inhibitor with demonstrated antiviral efficacy and good tolerability when used in combination with other antiretroviral agents. Fosampre-navir has no antiviral activity in vitro and any activity detected after administration is due to the presence of amprenavir [37, 39] .
The oral bioavailability of amprenavir varies from 35-90% due to its low water solubility (~0.04 mg/mL) [37] . A large percentage of organic excipients were included in the original formulation to aid its dissolution, necessitating a high capsule burden (10/day with ritonavir, 16/day when used alone) [37] . The development of the prodrug, fosamprenavir, greatly enhanced the water solubility of the drug (by ~10 fold) by the addition of the phosphate group to the hydroxyl group, thus reducing the high dosage form burden [8, 37] .
Because of fosamprenavir increased water solubility, it has poor membrane permeability and is rapidly converted to amprenavir after oral administration [38, 40] . Preclinical studies have demonstrated that fosamprenavir is converted almost entirely (99%) to amprenavir at or near the intestinal epithelium by alkaline phosphatase, the primary enzyme responsible for conversion ( Figure 3 ) [41] . Less than 1% of the prodrug dose was detected in the portal vein of animals confirming nearly complete presystemic conversion. This observation has been further supported by measurement of plasma concentrations of fosamprenavir and amprenavir in clinical studies [42] .
Tenofovir
Tenofovir disoproxil fumarate is the first nucleotide drug to be approved for the treatment of HIV/AIDS and is classified as an acyclic nucleoside phosphonate (ANP), an analogue of adenosine monophosphate (Figure 4) [48, 49] . It has been formulated into once daily tablets ( Figure 5 ) [50] . Therapeutically, tenofovir, (R)-9-(2-phosphonomethoxypropyl) adenine also known as bis(isopropyloxyc arbonyloxymethyl)-(R)-9-(2-phosphonomethoxypropyl) adenine (bis-POC-PMPA), is administered as the oral prodrug, tenofovir disoproxil fumarate [51] . Like NRTIs, tenofovir is converted intracellularly by phosphorylation to its active form tenofovir diphosphate, which acts as a chain terminator when HIV reverse transcriptase is actively making viral DNA [52] . As a result of rapid conversion of fosamprenavir in the intestine to the parent drug, amprenavir is predominantly absorbed in the intestine, however it is also a substrate for P-glycoprotein (P-gp), which may play a certain role too in its absorption [38, 43] . Following administration of prodrug, the drug is rapidly absorbed as indicated by plasma drug concentrations that are measurable as early as 15 minutes post dosing, with maximum plasma concentrations occurring at 1.5-2.5 h following single and repeat dose administration [42] . Despite its rapid absorption, a secondary absorption phase appears to take place in the terminal ileum as evident from second peak in the plasma concentration curve at 10-12 h, which is less than the C max [44] .
Co-administration of food with fosamprenavir appears to have little effect on drug absorption, therefore fosamprenavir can be taken with or without food [45] .
Following oral prodrug administration to humans, the apparent volume of distribution is ~430 L suggesting drug penetration into tissues beyond the systemic circulation [38] . Amprenavir is taken up by lymphocytes with concentrations 2-to 3-fold higher than plasma concentrations [46] . Also amprenavir has been shown to penetrate human semen most likely with Pgp playing a role in the distribution into the tissues [38, 47] . However unlike the other traditional NRTIs, tenofovir possesses a phosphonate group, which is stable in the biological milieu. The phosphonate group consists of a P-C bond protected from phosphoesterase cleavage. This is different from a phosphate group (P-O-C) that is formed upon phosphorylation of NRTIs, which is susceptible to such cleavage [53] [54] [55] . Because of the phosphonate group, tenofovir only needs to be phosphorylated twice and this allows tenofovir to avoid the initial phosphorylation step by virus-induced kinases that has been identified as the rate-limiting step in the conversion of NRTIs to their active metabolites [52, 54, 55] .
After cellular uptake of tenofovir, it is converted to its monophosphate form (TMP) by adenylate kinase found in the intermembrane space of the mitochondria, while the secondary phosphorylation takes place rapidly with the aid of nucleoside diphosphate kinase to form the active metabolite TDP (Figure 6) [51, 52, 56] . Once in the active form, TDP competes with naturally formed deoxyadenosine 5'-triphosphate (dATP) for incorporation into the viral cDNA. The DNA chain becomes terminated because TDP lacks the deoxyribose sugar moiety necessary to continue reverse-transcription ( Figure 7 ) [49, 57, 58] .
Tenofovir possesses the ability to be metabolized by non-dividing cells as well as quiescent cells and can reach up to two-fold greater concentration in resting peripheral monocytes compared to stimulated monocytes [56, 61] . The potency of tenofovir in macrophages can be attributed to two factors: i) the phosphonate group that avoids initial phosphorylation as previously mentioned and ii) the low levels of the competitive substrate dATP [25] . The effective concentration of tenofovir in resting CD4 + T-cells is about ten times greater than rest- ing macrophages, however because tenofovir does not require initial phosphorylation, it is seen to be more active than other NTRI alternatives in these cell types [25, 52] . Accumulation of drug in the resting cells means that tenofovir may possess the capability to inhibit HIV in latent cells, which is lacking in previously developed NRTIs like AZT or d4T [51] . Because of the polar nature of tenofovir, intestinal absorption is low. Therefore a prodrug was developed to increase its lipophilicity and to mask the negatively charged phosphonate group. Acyloxyalkyl esters of carboxylic acid were synthesized, since similar drugs with low bioavailability have benefited from ester linkages of phosphate groups [56] . Adefovir (Figure 4) another acyclic phosphonate drug similar to tenofovir had improved bioavailability when pivoxil groups were conjugated to the negatively charged phosphonate group [62] . For tenofovir, an isoproxil group was chosen because of its good oral bioavailability (~30%) and stability in both chemical and intestinal milieus [62, 63] . This prodrug formulation increased the lipophilicity of the drug from log P = -2.5 tenofovir to a log P = 1.3 of tenofovir disoproxil fumarate, increasing its ability to cross the intestinal membrane [64] .
The conversion of the prodrug after absorption is mediated by enzymatic and non-enzymatic hydrolysis of the ester linkages of the phosphonate functional group [64] . The hydrolytic reactions produce carbon dioxide, formaldehyde, and the parent drug tenofovir (Figure 8 ). This process occurs upon absorption and is believed to be initiated by carboxylesterases, however esterases in general are relatively ubiquitous [63] . The conversion of tenofovir disoproxil fumarate to the parent drug tenofovir is rapid and complete, in vitro and in vivo studies revealed that the conversion process takes minutes to accomplish and the presence of any intermediates were undetectable by HPLC [56, 63, 65] .
The oral bioavailability of tenofovir can be enhanced by the consumption of high-fat meals or ester mixtures for example those derived from strawberry extracts, which prevent premature ester cleavage of the prodrug [49, 66, 67] . These ester mixtures limit the metabolism in the intestinal milieu, prior to absorption, and in vitro interfere with P-glycoprotein related efflux, while the consumption of a high-fat meal is related to the increased lipophilicity of the tenofovir prodrug [52, 66, 67] . Although tenofovir disoproxil fumarate shows increased antiviral activity in resting and activated lymphocytes, in reality very little prodrug if any will enter the systemic circulation, because of the predominance of esterases. Since it is believed that cells take up the charged parent drug, the absorption process is most likely receptoror transporter-mediated. Cellular uptake of a similar drug, adefovir, has been shown not to use the nucleoside transporters utilized by the natural nucleosides and NRTIs [68] . Instead it is believed that tenofovir is internalized via an endocytosis pathway similar to that of adefovir. Adefovir uptake in HeLa cells is protein mediated and saturable [68] . Conflicting claims suggest that tenofovir enters cells passively by endocytosis that is neither transport mediated nor saturable [51] .
Tenofovir is extensively distributed throughout the body with steady state distribution reaching approximately 1.3 L/kg from an intravenous dose. An associated volume of this magnitude is greater than the total body water [48, 50, 51, 69] . The extensive distribution throughout much of the body and tissues could be attributed to the polar nature of the parent drug tenofovir. Despite its large volume of distribution, tenofovir is virtually unable to penetrate the blood brain barrier. Although BBB penetration is limited, tenofovir does have the ability to pass the blood cerebral spinal fluid (CSF) barrier of the choroid plexus gaining access to perivascular and meningeal macrophages [70] .
Intracellular elimination of tenofovir in vitro was markedly different between stimulated and resting peripheral blood mononuclear cells (PBMCs). In stimulated cells, TMP and TDP have half-lives of 15 and 11 h, respectively, which is similar to observed half-lives in T-cell lines [56, 71] . Interestingly in resting cells the half-lives of TMP and TDP reach 33 and 49 hours. The increased intracellular time could translate into increased antiviral activity especially in resting cells, a known viral sanctuary site [56] . The increased intracellular duration may be attributed to the phosphorylation of tenofovir, which locks the active metabolite within the cell.
HIV resistance to NRTIs manifests itself in two mechanisms: i) lack of incorporation and/or ii) increased excision of the drugs from the viral cDNA [72] . Because of the flexible nature of the acyclic linker and the lack of the ribose sugar, which gives the drug torsional freedom and a reduction in size respectively, tenofovir does not develop highly resistant strains of the virus [72, 73] . These properties are also advantageous against viral strains that are resistant to other NRTIs. For example M184V is a strain resistant to 3TC incorporation because its ribose ring is sterically hindered by the mutation, but the lack of the bulky side chains allows tenofovir to still be incorporated [72, 73] . The side chain features keep HIV-RT from developing a mutant that would not incorporate tenofovir, while still being able to incorporate dNTPs [72] .
Drug conjugates and targeted nanocarrier drug delivery strategies
Traditional prodrug strategies have significantly improved HIV therapy by improving pharmacokinetics and the resulting dosing regimens. However, prodrugs can undergo non-specific activation thus potentially causing significant side effects. A prodrug strategy focusing toward the development of targeted prodrugs, which could allow for the drug release at the site of action, can address these potential problems [78, 79] .
Targeting is achieved by conjugating the drug/prodrug molecules to carriers of varying molecular classes, sizes, and shapes, like sugars, growth factors, vitamins, antibodies, peptides and synthetic polymers that can transport the drugs to the target site. Site-specific release is performed by incorporating chemical linkages that are normally stable, but can be cleaved under the defined conditions at the target site. The general design of prodrug conjugates for targeted therapy is shown in Figure 9 .
Design and development of target-specific prodrug/drug conjugates is challenging because the functionality of the carriers is often sensitive to subtle structural variations and therefore emphasis must be placed on the chemical aspect of preparing and characterizing them [80] .
Extensive chemical experimentation and characterization should be performed to optimize the physicochemical properties (e.g. molecular weight, hydrophilicity/hydrophobicity, three-dimensional structure, and immunogenicity) of the carrier and/or conjugate before evaluating their potential biological effects. Molecular biology is currently being implemented in the design and development of targeted drug/ prodrug conjugates to understand the effect of conjugation on drug activity and where relevant, to modify biologically active molecules for conjugation [80] .
Our lab has used the conjugate approach to overcome several challenges associated with the physicochemical properties of SQV [4] . SQV was the first approved HIV-1 protease inhibitor used for the treatment of HIV infection. The drug suffers from limitations such as low absorptive and high secretary permeability, bioconversion to inactive metabolites, and poor solubility, all of which are commonly associated with protease inhibitors. SQV absorption in particular, is highly variable and the mean oral bioavailability of the two-marketed SQV capsule formulations range from 4 to 16%. Earlier studies have considered the first-pass intestinal hepatic metabolism by cytochrome P-450 monooxygenases (CYP) as a major determinant in the clearance of SQV, but our group, along with others, have shown that multiple membrane transporters working in concert with P-glycoprotein (P-gp) may also be responsible for this observed behavior [31, [81] [82] [83] [84] .
Prodrug conjugates of the protease inhibitors, SQV, IND, and NFV, have been developed by conjugating the drugs to fatty acids, L-valine, L-tyrosine, PEG, and D-glucose so as to improve their bioavailability [85, 86] . The only successful prodrug of a protease inhibitor to date is the phosphate-ester prodrug of amprenavir, fosamprenavir, as previously discussed. In each of these cases, the prodrugs were readily converted to active drug molecule either in the intestinal environment or on the first pass through the intestine and liver. Therefore once the prodrug is absorbed only the parent drug remains in the blood and the potential benefits of the prodrug are lost [87] .
Our lab has also designed and developed SQV PEG-based nanocarriers to overcome biopharmaceutical problems associated with SQV ( Figure 10 ) [87] . Poly(ethylene glycol) (PEG) scaffolds were covalently attached to a SQV molecule to enhance the aqueous solubility, circulation half-life, and prevent nonspecific interactions of the drug in the biological milieu. PEG was used because it is among the most versatile polymers for medical applications due to the chemical inertness of its polyether backbone, as well as its excellent solubility in aqueous media. PEG is nontoxic, non-immunogenic, and non-biodegradable, which makes it suitable for the modification of various biologically active compounds. The PEG-prodrug conjugates were further attached to either biotin or retro-inverso-cysteine-lysine-Tat 9 (R.I.CK-Tat 9 ) or R.I.CK-Tat 9 (stearate) to achieve enhanced cell association and uptake. R.I.CK-Tat 9 was used not only for its cell-penetrating properties but also its anti HIV-1 properties, which may be useful in combination therapy [88] . The biotin was attached because we have previously shown that conjugation to biotin or biotinylated PEG results in enhanced cellular uptake and transport of R.I.CK-Tat 9 peptide via SMVT, the intestinal biotin transporter [89, 90] . Several prototypes of these PEG nanocarriers were synthesized viz., SQV-Cys (control), SQV-Cys-PEG 3.4kDa , SQV-Cys-PEG 3.4kDa -biotin, SQV-Cys(R.I.CK-Tat 9 )-PEG 3.4kDa , and SQV-Cys(R.I.CK(stearate)-Tat 9 )-PEG 3.4kDa [87] . The PEG was bound to a cysteine residue through stable amide bonds, whereas the prodrug was attached through reversible ester bonds. Similarly, R.I.CK Tat peptides were attached through reducible disulfide bonds. In vitro studies showed that the PEG only conjugate was inactive, but further modification with biotin or the peptide restored the prodrug activity. Cytotoxicities were found in the micromolar range, but more importantly the SQV molecule was released from the prodrug conjugates. The prodrug conjugate SQVCys(R.I.CK-Tat 9 )-PEG 3.4kDa was found to be most active among the conjugates investigated. We also demonstrated the combined preclinical in vitro effectiveness of R.I.CK-Tat 9 alone or attached with SQV-PEG conjugates for HIV treatment [91] .
Our recent efforts have focused on the design and development of PEG-nanocarriers for macrophage targeting. Macrophage targeting represents a key challenge in HIV therapy, since macrophages are not only the primary target of HIV infection, but along with CD4 + T-lymphocytes are an important source of HIV persistence during HAART [22] . They play an important role in the initial stages and throughout the course of HIV-1 infection [92] . Productively infected macrophages have been reported in both untreated patients and those receiving HAART. Also HIV-1 infection of macrophages is noncytopathic, enabling them to serve as sources of HIV production and represent major viral reservoirs, as previously mentioned [25] .
Macrophages regulate their biological function in response to environmental stimuli (action of soluble factors, contact with foreign particles or cells). Hence, delivering drugs to macrophages is an extremely challenging task because of their inherent phagocytic ability and inhibition towards foreign particles even though there are drugs known that are capable of modulating macrophage activities [22] . Several liposomes, nanoparticles and microsphere-based delivery systems have been developed for delivering the drug to macrophages [22, 93] . However, another strategy that is being increasingly explored is the design and development of conjugates/nanocarriers containing ligands for specific interaction with receptors expressed on macrophage surfaces.
Macrophages possess various receptors such as formyl peptide, complement, fibronectin, lipoprotein, mannosyl, galactosyl, Fc, and many others [94, 95] . These macrophage surface receptors control the activities of the cells including; activation, recognition, endocytosis, and secretion. Conjugates/nanocarriers containing ligands specific to macrophage surface receptors may enhance uptake due to the receptor-mediated endocytosis. The advantage of using such a targeted system is that drug is delivered selectively to the HIV-infected tissues without affecting the normal tissues. As a result, the side effects are reduced, lower doses are needed, and drug administration regimens are simplified.
An ideal nanocarrier for macrophage targeting should be flexible enough in design so that different combinations of anti-HIV drugs, targeting moieties, and/or imaging agents can easily be incorporated. We have been extensively exploring the possibility of using our modular design of PEG nanocarriers ( Figure 10 ) for macrophage targeting. A PEG-based linear copolymer, poly[poly(ethylene glycol)-alt-poly(aspartic acid)] was designed and developed [96] . The copolymer was further modified to obtain multifunctional PEG nanocarriers containing four copies of N-formyl-methionine-leucine-phenylalanine (fMLF) peptide (PEG-fMLF 4 ) and/or four and eight copies of digoxigenin (DIG 4 -PEG-fMLF 4 and PEG-DIG 8 ). Branched PEG with three and four arms were used to obtain PEG nanocarriers with three and four copies of fMLF respectively. Similarly, eight-arm PEGs were used to obtain nanocarriers containing 1.1, 5.5 and 8-copies of fMLF respectively (PEG-fMLF 1.1 , PEG-fMLF 5.5 , and PEG-fMLF 8 ) [96] . The fMLF peptides and the surrogate drug (digoxigenin) were attached through stable amide bonds. However in future work, reducible disulfide bonds would be used for the attachment of drugs/prodrugs. The fMLF peptide is recognized by formyl peptide receptors over-expressed on macrophage surfaces [97] .
Nanocarriers with a single copy of fMLF were found to reduce the binding avidity for differentiated HL-60 cells when compared to the free fMLF peptide [96] . Increasing the number of fMLF peptides on PEG nanocarrier led to an increase in avidity for HL-60 cells and interestingly the geometry of the polymer backbone (linear/branched) was found to have no influence on the outcome and there was no enhancement observable when fMLF receptor negative Jurkat cells were used. Importantly, none of the nanocarriers investigated above showed an enhanced ability to activate phagocytic cells, a potential cause of various adverse side effects. The advantage of using PEG nanocarriers described herein is that multiple copies of targeting moieties and drug/prodrugs can be incorporated to obtain optimum targeting and drug payload. Furthermore, the lack of enhancement of phagocytic activation suggests that the drugs/prodrugs appended to such nanocarriers are less likely to be inactivated by degradative mechanisms induced by phagocytic activation.
We later developed a series of PEG nanocarriers containing multiple fMLF moieties to optimize the fMLF copy number and PEG size for macrophage uptake [98] . One, two, and four-arm PEG scaffold of molecular weights 5, 10, 20, and 40 kDa were used to conjugate up to four copies of fMLFK(fluorescein)C. (Figure 11) . Since, the ability to produce PEGs with a defined number of anchoring moieties is limited, especially in high numbers, a modular PEGylated peptide [(acetyl-Cys--Ala--AlaLys)n-PEG 5k ] nanocarrier was designed and developed incorporating two and four copies of fMLFK(fluorescein)C [98] . The advantage of using PEG-peptide nanocarriers is that the precise copy number of drug/prodrug and targeting moieties can be attached, unlike the PEG alone nanocarriers, where only the average copy numbers were obtainable.
Results from macrophage like differentiated human U937 cellspecific binding and cellular uptake studies conclusively showed that uptake is energy dependant and mediated by fMLF receptor [98] . Similar to our earlier results [96] , fMLF copy number was found to influence the binding and uptake behavior. Increasing the number of fMLF moiety from one to two resulted in 4-fold enhanced uptake, but further increase in fMLF copy number to four led only to a modest increase. Molecular size was also found to influence the uptake behavior as increasing the PEG molecular weight from 5 to 20 kDa resulted in an increase in the uptake but further increase to 40 kDa led to a decreased uptake. This is consistent with earlier reports where receptor-mediated endocytosis has been shown to be strongly size dependant with optimal size requirement of ~ 25 nm or < 50 nm [99] [100] [101] [102] . Thus, two copies of fMLF along with a molecular size of 20 kDa PEG appears to be a prerequisite for optimum macrophage targeting.
Peritoneal macrophage uptake, pharmacokinetics, and biodistribution of macrophage-targeted PEG nanocarriers for improving the HIV drug delivery were also investigated [103] . In this case the following nanocarriers were used: [fMLFK(fluorescein)C] 2 -PEG 5kDa , [fMLFK(fluorescein)C] 4 -PEG 20kDa , and acetyl-Cys-[ -Ala--AlaLys{PEG 20kDa -CK(fluorescein)FLMf] 4 . Attachment of one, two or four fMLF copies increased the macrophage uptake by 3.8, 11.3 and 23.6-fold when compared to nanocarrier without the targeting moiety. Incorporation of fMLF moiety also increased the t 1/2 of PEG 5kDa by 3-fold, but decreased by 40% for PEG 20kDa . Furthermore, the attachment of targeting moieties to the PEG nanocarriers led to an increased accumulation in liver (1.5-fold), kidney (3.2-fold), and spleen (6.9-fold). However on a molar basis, the penetration was equivalent, suggesting that the nanocarrier size and the targeting moieties are an important determinant. The PEG-peptide nanocarrier with four copies of fMLF was found to be the most promising nanocarrier tested so far. Overall, the results demonstrated the feasibility of targeting macrophages, a primary HIV reservoir site by modularly designed PEG nanocarriers. The studies also suggest a need to balance peripheral tissue penetration with target cell uptake, and we are currently working on the design and development of nanocarriers containing multiple targeting moieties and drug copies to achieve efficient targeted drug delivery [103] .
III. SUMMARY AND FUTURE DIRECTIONS
In summary, the antiviral drug development process remains challenging. It has been suggested by many that drugs targeted toward viral proteins will be more specific and less toxic to the host, but they may ultimately select for mutant virus rendering the therapeutic agent ineffective. Others believe that developing drugs that target host proteins will avoid the development of viral resistance, but may have a less than desirable adverse effect profile [10] . In our opinion, a combination of these two methods is necessary to keep HIV at chronically low titers or possibly to eradicate HIV infection altogether.
Most of the antiviral drugs developed so far are viral protein inhibitors designed to disrupt the viral life cycle in HIV infected cells, namely viral DNA synthesis (reverse transcriptase), viral DNA insertion into the host genome (integrase), and viral protein cleavage (protease). Although the prodrug strategy has been successfully used to improve the physicochemical, biopharmaceutic, and pharmacokinetic properties of some anti-HIV drugs, they are unable to eradicate HIV infection because they suffer from poor specificity for the infected cell types or the physiological sites (tissues or organs) that sequester HIV. Also, these drugs do not persist in target cells for a sufficient period of time. Therefore, efforts need to shift in order to improve target cell bioavailability and persistence.
Targeted-delivery to host proteins specific to HIV susceptible cells could improve antiviral therapy because it will potentially increase either the access to the physiological reservoir sites (brain, testes, and lymphatics) or the cellular active site concentrations, unlike the conventional drug/prodrug design, where focus is on improved pharmacokinetics (i.e. blood concentration). Drug delivery to HIV-infected tissues with selectivity can be achieved by macrophage targeting. Microspheres, liposomes, and nanoparticle-based delivery systems have been developed for delivering drugs to macrophages. Macrophage targeting can also be achieved by interaction with receptors expressed on macrophage surfaces. We have shown the advantage of using modularly designed PEG-nanocarriers containing effectors (targeting ligands, drugs, and/or imaging agents) for macrophage targeting. These nanocarriers can be easily modified to incorporate various antiviral drugs/prodrugs, biologics, targeting moieties, and/ or imaging agents. It has been also shown that these nanocarriers do not show an enhanced ability to activate phagocytic cells, a potential cause of various adverse side effects. We believe that the design of such nanocarriers will be a key to the development of targeted delivery systems that can accumulate into the difficult to reach physiological locations such as the brain, testes, and lymphatics.
Besides targeting macrophages, the chemokine receptors (CXCR4 and CCR5) that act as the coreceptors to HIV infection can also be used as potential targets. Targeting these receptors can have two effects: i) prophylactic protection of the cell by occupying the receptor necessary for virus-cell interaction, and/or ii) improving the specific uptake of a nanocarrier loaded with anti-viral drugs. There are several other strategies that are being explored to target viral compounds or virus-associated events [10] .
Although this review has exclusively focused on anti-HIV prodrugs and conjugates that can be potentially used as chronic therapeutic agents, however new and uniquely designed pharmacological agents and strategies with specificity to the physiological and cellular targets are necessary if eradication of the virus is to become attainable. The fMLF copy number was varied to obtain a nanocarrier with optimum binding properties. The molecular weight of PEG was varied to influence the molecular size of the nanocarrier whereas fluorescein molecule was attached to monitor their binding and uptake behavior. 
